Multiple sclerosis (MS) is more common among women than men. MS often goes into remission during pregnancy, when prolactin (PRL) levels are known to be high. In an animal model of demyelination, PRL promoted myelin repair, suggesting it has potential as a remyelinating therapy in MS. In this systematic review, we examined the known associations between PRL and MS, in order to elucidate its potential role in the pathophysiology and treatment of MS. A systematic search was performed in the electronic databases PubMed and EMBASE, using the keywords "prolactin" AND "multiple sclerosis." The inclusion criteria were met by 23 studies. These studies suggested to us that elevated PRL may be more common in MS patients than in controls. Hyperprolactinemia may also be associated with clinical relapse in MS, especially among patients with hypothalamic lesions or optic neuritis; however, it is unknown if this is a cause or consequence of a relapse. Overall, most people with MS have normal PRL levels. The impact of PRL on MS outcomes remains unclear.
Introduction
Multiple sclerosis (MS) is thought to be a chronic T and B cell-mediated autoimmune disorder of the central nervous system (CNS) that is associated with progressive oligodendrocyte and neuronal loss, axonal degeneration and demyelination. 1 The median age of MS onset is 30 years, but the disease can begin at any age. Up to 75% of the people with MS are women; 20% have a first-degree relative with MS. 1, 2 Furthermore, in 85% of people with MS, it begins as relapsing-remitting MS (RRMS), which is characterized by recurrent episodes of CNS inflammation, clinical symptoms (relapses) and sub-clinical events that are only detectable by magnetic resonance imaging (MRI). 1 All of the above contribute toward long-term neurological disability.
Interestingly, a number of studies have found that MS often undergoes remission during mid to late pregnancy, and this remission correlates with a decrease in the number and size of active white matter lesions. 3 The Pregnancy and Multiple Sclerosis Study data reveals a 70% reduction in relapse risk during the third trimester of pregnancy in RRMS patients; however, there was also a corresponding rebound increase in relapse risk, during the first 3 months post-partum. 4 Of note: PRL, estrogen and progesterone levels are all high during pregnancy, whereas only estrogen and progesterone levels fall rapidly post-partum. Such observations may suggest that PRL drives postpartum relapses; however, in a recent observational study of 32 women, Langer-Gould et al. 5 found that the act of breastfeeding, where PRL levels are expected to be high, may exert a protective influence against post-partum MS relapse. Yet 87% of women with MS who did not breastfeed exclusively during the first 2 months post-partum did have a post-partum relapse. By comparison, a relapse occurred in only 36% of the women with MS who breastfed exclusively for at least 2 months post-partum. More recently, the same authors show that 37% of 72 post-partum women who have MS, but who did not breastfeed within the 2 months postpartum did experience a relapse, compared with only 9% of women who breastfed exclusively. 6 Another study, however, did not find any significant correspondence between maternal breastfeeding behaviors and post-partum MS relapses, 7 although the exclusivity of breast-feeding was not examined. Thus, the association between lactogenic hormones and a possible protective effect related to postpartum breastfeeding behavior on MS relapses definitely deserves further study.
PRL is a lactogenic hormone that may play a role in the pathophysiology of MS. PRL is secreted predominantly by the anterior pituitary and it is regulated by both inhibitory and stimulatory inputs from hypothalamic dopamine and thyrotropin-releasing hormone (TRH), respectively. 8 Interestingly, PRL is also secreted by extrapituitary tissue, including chorion and B-and T-lymphocytes. PRL-like immunoreactivity is found in a number of CNS regions, such as: hypothalamus, hippocampus, amygdala, septum, brain stem, cerebellum, spinal cord, choroid plexi and circumventricular organs. Moreover, the PRL produced by the pituitary can enter the CNS via the choroid plexi of the brain ventricles and via retrograde blood flow from the pituitary to the hypothalamus. 9 In addition to its primary roles in mammary gland development, as well as the initiation and maintenance of lactation, PRL is believed to be involved in a number of physiological roles, including immune system modulation, cell proliferation and neuroregeneration. [8] [9] [10] [11] [12] For example, PRL possesses both pro-and anti-inflammatory properties. High levels of circulating PRL can enhance Th1 cellular activity and antigen-specific T-lymphocyte function in mice. Furthermore, mice treated with PRL show a reduction in corticosteroid immunosuppression. 12 In contrast, studies show that PRL receptor (PRLR) knockout mice apparently have normal immune function. 13, 14 Interestingly, there is also evidence that radioactively iodinated [ 125 I]prolactin exhibits a significant level of non-specific binding to the myelinated nerve tracts within the rat brain (an effect the presence of magnesium, but not calcium, facilitates). 15 Our own previous data reveals that pregnant mice have an enhanced ability to remyelinate lysolecithin-induced white matter lesions 10 There is an increase in oligodendrocyte precursor cell proliferation, oligodendrocyte generation, myelin basic protein expression, and in the number of myelinated axons, and these effects are stimulated by a daily infusion of 20µg/d PRL.
Recently, we tested daily PRL injections (20µg/d or 100µg/d i.p.) in mice with experimental autoimmune encephalomyelitis (EAE), as well. 16 Consistent with the previous literature, PRL activated leukocytes in vitro; however, the lower-dose PRL did not exacerbate the clinical course of EAE when administered prophylactically (days 0-9 after immunization) nor therapeutically (days 9-18), but the high-dose PRL significantly exacerbates EAE. In addition, we found that the combination of PRL and interferon-β (IFN-β) on days 9-18 significantly improved the clinical signs and histological scores of EAE, as compared to either treatment alone. Finally, we found that PRLR knockout mice display a significantly worse EAE course, relative to wild-type mice. 16 Taken together, these results do not contraindicate the use of PRL in MS, particularly when combined with IFN-β, which may counteract a potential pro-inflammatory effect of PRL.
Although our data does suggest that PRL may be beneficial in treating MS relapse, results by previous studies reveal that in vivo pre-treatment with the dopamine agonists bromocriptine and dihydroergocryptine inhibit splenic lymphocyte proliferative responses, in vitro, to the immunizing antigen and to concanavalin A, significantly reducing EAE severity. 17, 18 More recently, Esquifino et al. 19 show that male rats subjected to ectopic pituitary grafts exhibited higher PRL levels after EAE induction on day 1, but lower levels on days 7, 11 and 15, without presenting any clinical signs of EAE relative to sham-operated rats. On the other hand, the same team found that upon restriction of calories the PRL levels increase, but only those rats subjected to a normal diet exhibit clinical signs of EAE. 20 In the context of these apparently discrepant preclinical findings, our current systematic review examined studies that evaluated PRL in MS, or where PRL was measured in studies primarily addressing other questions, in order to elucidate the role of PRL in the pathophysiology and treatment of the disorder.
Methods
A systematic search was performed in the electronic databases PubMed and EMBASE, using the keywords "prolactin" AND "multiple sclerosis." To be included, we selected studies having determined PRL levels in MS patients, in a cross-sectional fashion, or using PRL as a treatment/drug challenge. All study designs (excluding case reports) of any duration are described. We excluded the abstracts and manuscripts in languages other than English.
Results

Cross-sectional studies
According to Matsiota et al., 21 MS patients have elevated antibody titers against PRL and numerous other antigens, relative to two other groups ( Table 1 ). Grinsted et al. 22 observe significantly higher concentrations of PRL, luteinizing hormone (LH), follicle stimulating hormone (FSH), and both total and free testosterone; but lower levels of oestrone sulfate, in the serum of 14 female MS patients of reproductive age, relative to controls. Similarly, Awerbuch and Sandyk 23 reveal that 21% of 14 MS patients tested have serum PRL levels above the normal range. The same authors also report that there is no association between PRL levels and disease duration, among a larger sample of 32 MS patients. 24 Safarinejad 25 observes there were significant decreases in LH and testosterone levels, and a trend towards increased PRL levels, among 68 male MS patients, relative to healthy 27 detect elevated PRL levels among both males and females with MS. On the contrary, findings by Nabavi et al. 28 report only an increase in LH levels; but not in PRL, thyroid-stimulating hormone (TSH), and FSH in MS patients, relative to normal subjects; however, significantly more hyperprolactinemia was found in the MS patients. Yet another study fails to find a difference in PRL levels between MS patients and controls, or any significant relationships between PRL levels and disease activity. 29 A comparison between 67 Japanese MS patients and 16 patients with HTLV-I-associated myelopathy/tropical spastic paraparesis (HAM/TSP) reveal that serum PRL levels are significantly elevated in women with Asian-type MS, compared with levels in those with HAM/TSP; 30 however, PRL levels in women with Western-type MS (and in all three groups of men) are not statistically different. Moreover, hyperprolactinemia is associated with acute optic neuritis in both Asian-and Western-type MS patients. In addition, a comparison of PRL levels across autoimmune diseases shows a higher rate of hyperprolactinemia in patients with polymyositis and systemic lupus erythematosus, relative to patients with MS, rheumatic arthritis, systemic sclerosis and dermatomyositis. 31 The same investigators also show that, among women with MS accompanied by hyperprolactinemia, 25% have secondaryprogressive MS (SPMS), whereas only 3% of the women with MS who had normal PRL levels suffer from SPMS. 32 Finally, one study reported PRL levels that are significantly higher among 72 female RRMS patients (but not among the males), when compared to 80 individuals with clinicallyisolated syndrome and 74 healthy controls. 33 
Short-term experimental studies
A study of 12 MS patients reveals significantly elevated PRL levels at baseline, as well as following TRH stimulation, as compared to healthy controls. 34 Similarly, a study of 27 Japanese MS patients shows that eight had experienced a 4-13-fold increase in PRL levels over healthy controls and four of the eight patients with hyperprolactinemia had diencephalic hypothalamic lesions on MRI, whereas none of the normo-prolactinemic patients had such lesions. 35 The hyperprolactinemic patients exhibit greater disability. Half of the relapsing MS patients show a rise in PRL levels specifically during the acute stage of relapse, and a decrease during the recovery/remission stage. Loading tests with TRH, sulpiride, L-DOPA, and bromocriptine confirm that the hyperprolactinemia is of hypothalamic (rather than pituitary) origin, and that none of the patients exhibit pituitary abnormalities upon MRI. 35 Another study finds no significant difference in PRL between its groups, but testosterone and estradiol are lower in male and female MS patients, respectively. 36 Stimulatory results suggest that the extent of hypothalamic-pituitaryadrenal (HPA) axis activation in MS is 2.5-fold that of normal individuals, which is a level comparable to activation in rheumatoid arthritis patients. 37 In a similar vein, Heesen et al. 38 reveals that MS patients have a significant elevation of PRL, noradrenalin and dopamine (but not elevated adrenocorticotropic hormone [ACTH], cortisol, or adrenaline), relative to controls; however, while both groups showed a decline in PRL and cortisol levels during stress conditions (e.g. public speaking), the decline in PRL was significantly greater in the MS patients, versus the controls. In another study, the same group fails to find significant differences in PRL secretion between MS patients and controls, plus there was no relationship between PRL levels and disease activity, nor EDSS score. 39 
Longitudinal studies
Hormonal analyses among 55 women at baseline and after 3 months reveals that 20 patients exhibited abnormally low levels of hormones at the second visit, including: β-estradiol, progesterone, free testosterone, FSH and LH. 40 Yet the PRL levels are within normal limits. Furthermore, there is evidence that a single intravenous infusion of methylprednisolone can significantly reduce the number of Gd+ lesions seen in nine MS patients, relative to a pooled dataset of 83 untreated patients. 41 Interestingly, plasma PRL shows a parallel decline that is correlated with the number of Gd+ lesions. The same team also shows that a single IFN-β injection results in marked elevation of plasma growth hormone, ACTH, PRL, and cortisol, after 2-6 hours. 42 These responses generally normalized at the 3-month follow-up, while the patient was still receiving IFN-β. This result corresponds to data from healthy controls showing that acute IFN-β1b was able to transiently elevate plasma PRL, cortisol, growth hormone, epinephrine and norepinephrine. 43 Furthermore, the authors found that patients who experienced a relapse or had a contrast-enhancing lesion secreted less PRL after IFN-β treatment, compared to those without evidence of active disease. 42 Finally, one study did not find a change in PRL levels among 54 MS patients, following treatment with the immunosuppressant cyclosporin A, and did not find an association between clinical relapses and high PRL levels. 44 Throughout that study, females exhibit significantly higher PRL levels than males.
Clinical trials aiming to modulate prolactin
Only one clinical trial exists that aimed to alter PRL levels. Bissay et al. 45 demonstrate, in an uncontrolled clinical trial involving 18 MS patients, that treatment for 1 year with bromocriptine (2.5mg b.i.d.) does successfully reduce PRL levels in all patients, but fails to stop disease progression. They report no exacerbation of MS.
Discussion
None of the studies included in this review are randomized clinical trials, so consequently, they do not permit us to establish a causal relationship between PRL and MS. Nevertheless, these studies suggest that PRL elevation is more common in MS patients than in healthy controls, and that perhaps it is more common in SPMS and during a MS relapse. On the other hand, the collected research indicates that hyperprolactinemia is not specific to MS; and it may, in fact, be significantly more common in other autoimmune disorders, such as polymyositis and systemic lupus erythematosus 31 (the latter may be partially responsive to bromocriptine therapy). 46 Currently, the mechanism responsible for the elevated PRL levels is unclear. Studies included here also suggest that elevated PRL levels are more likely among pre-menopausal women than among men. 22, 30, 44 This finding may be explained by the fact that pre-menopausal women already have higher mean circulating PRL levels. 9 Additionally, studies indicate that elevation of PRL may be part of a nonspecific HPA axis dysregulation, due to demyelination and/or neurodegeneration. Indeed, a number of studies found elevations in growth hormone, ACTH, cortisol, FSH, LH, testosterone, noradrenalin and dopamine in MS patients, relative to controls. 22, 28, 38, 42 It is noteworthy that among healthy subjects, even psychosocial stress led to significant increases in plasma PRL, ACTH, cortisol, heart rate, and systolic/diastolic blood pressure. 47 Similarly, Sobrinho 48 reports that evocation of emotional memories under hypnosis among healthy volunteers results in significantly more PRL, cortisol and growth hormone peaks with relation to relaxation-only conditions. Surprisingly, however, there is a negative correlation between the peaks of PRL and those of cortisol, so that the former was associated with evocation of anger, whereas the latter was associated with surprise and intimidation. Thus, PRL may represent an alternative mechanism to cortisol for coping with psychosocial stress. 48 All together, these results imply that PRL elevation in MS patients may reflect several conditions: demyelination/neurodegeneration of the HPA axis, higher prevalence of psychosocial stress, or an enhanced sensitivity to psychosocial stressors.
Additionally, studies suggest that hyperprolactinemia may be associated with relapse in MS, especially among patients with hypothalamic lesions and patients with optic neuritis. One possible explanation for these findings is that hypothalamic lesions cause hyperprolactinemia, due to the loss of inhibitory function of the hypothalamus on PRL secretion. A recent study found that, compared to patients with longitudinally-extensive myelopathy due to neuromyelitis optica, patients with MS exhibit a significantly higher incidence of hypothalamic lesions (0% versus 13%, respectively); an incidence that corresponds to the often-documented ~10-20% rate of hyperprolactinemia in MS. 23, 25, 30, 31 In addition, post-mortem studies reveal that hypothalamic lesions are associated with more severe MS, which may explain the elevated rate of hyperprolactinemia seen among SPMS patients. 32, 49 Similarly, severe optic neuritis (and Asian-type MS) is thought to be associated with hyperprolactinemia because of damage to adjacent tuberoinfundibular dopaminergic neurons, which project from the mediobasal hypothalamus to the median eminence. 30 Previous research shows that Asian-type MS may be a distinct genetic subtype of MS; characterized by fewer brain lesions on MRI, but more Gd+ spinal cord lesions, relative to patients with Western-type MS. 30, 35 These data indicate that hyperprolactinemia may be caused by hypothalamic lesions or optic neuritis and Asian MS.
A potential explanation for the apparent association between hyperprolactinemia and relapse in MS is that elevated PRL levels may induce or aggravate MS relapses. In mice, we recently showed that daily injections of high-dose PRL (100µg) during the symptomatic period (day 9-18) exacerbate clinical EAE scores, but a dose that is five times lower (the pro-remyelinating dose used in Gregg et al. 10 ) has no adverse impact and is even beneficial, when combined with IFN-β. 16 To date, however, there have been no studies that examine the effect of exogenous PRL treatment on MS, but reports of the treatment of MS patients with medications that indirectly affect PRL have produced mixed results, possibly because many changes occur concurrently. For example, established disease-modifying therapies such as IFN-β and methylprednisolone acutely increase and decrease PRL levels, respectively, but both of them reduce inflammation in MS. Furthermore, the influence of IFN-β seems to be very transient and methylprednisolone is not typically used in chronic cases. In contrast, a 1-year treatment with bromocriptine failed to stop disease progression in MS, despite markedly suppressing PRL levels. 45 This last result is in direct contrast to the wellestablished finding that dopamine agonists significantly reduce the severity of EAE in rats. 17, 18 As a whole, the studies reviewed fail to demonstrate the role of PRL on MS outcomes. In light of the beneficial effects that we observed in the lysolecithin and EAE models, 10, 16 we believe future trials of PRL in MS may be warranted. Either PRL itself or medications that elevate PRL levels may be considered for future in-depth studies.
It is important for us to better understand the effects of PRL on immune system activation and MS relapse, because this hormone also has the potential to promote remyelination. 10 Consequently, a dilemma is whether it could be used for its reparative action, without risking disease exacerbation.
Herein, we examined studies of PRL in MS in order to elucidate its role in the pathophysiology and treatment of this disorder. The studies included in this review suggest that PRL is elevated in some MS patients, likely due to nonspecific dysregulation of the HPA axis, as a result of demyelination and/or neurodegeneration. These studies also suggest that hyperprolactinemia may be associated with clinical relapses in MS, especially among patients with hypothalamic lesions and/or optic neuritis. Although at present it is unknown if this is a cause or consequence of relapse, and the impact of PRL on MS outcomes remains unclear, we found that the literature does not suggest it would be unsafe to study PRL as a therapy against MS.
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